Large-scale high-resolution simulations of high gain direct-drive inertial confinement fusion targets
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Targets have been designed that produce moderate to high gain when directly driven by lasers. The intrinsic
sensitivity of these targets to hydro instabilities is found using the FAST(2D) multidimensional radiation hy-
drocode [J.H. Gardner, A.J. Schmitt, J.P. Dahlburg, et al., Phys. Plasmas 5, 1935 (1998)], which simulates the
simultaneous behavior of a large bandwidth (e.g., £ = 2 — 256) of perturbations from compression to acceler-
ation, and then to stagnation and burn. The development of the structure in these multi-mode simulations is
benchmarked to theoretical analysis and single-mode calculations, which reveals the need to “renormalize” the
simulation after compression. The simulations predict that a direct drive point design is expected to degrade
significantly from its 1-D clean yield, yet still ignite and give appreciable gain. Simulations of high-gain pellets
using a spike prepulse to inhibit Richtmyer-Meshkov growth show a considerable robustness, with high (> 100)
gains possible even with nominal surface finishes and laser imprint.

I. INTRODUCTION

Laser-driven inertial confinement fusion (ICF) is difficult to
achieve because the implosion process is inherently hydrody-
namically unstable: a hot low-density plasma is used to com-
press and accelerate a cold high-density plasma. Thus control
of these hydrodynamic instabilities are essential to the suc-
cess of ICF. Current experimental facilities are insufficient to
directly test the effects of these instabilities on ignition and
gain, so simulations are extremely important.

We present here the status of our ICF implosion simulations
using our FAST code[l]. Of general interest is to quantify
the allowable perturbations (from surface finish or optically-
smoothed laser drive) which can be tolerated. We wish to
be able to simulate the degradation of yield as pellet nonuni-
formities are varied, and in particular determine whether the
yield of ICF pellets will remain high when we apply nomi-
nally known imperfections in surface finishes and laser im-
print.

A necessary condition for this result is to determine, from
simulations or other analysis, the growth rates and behav-
ior of very low amplitude single-mode perturbations. The
analysis or simulation must include growth from such dis-
parate effects as the Richtmyer-Meshkov (RM) instability[2],
feed-out of perturbations from one side of the target to the
other[3], Rayleigh-Taylor (RT) instability[4], and Bell-Plesset
effects[5]. All of these must be considered during the ini-
tial compression of the target, its acceleration, and then its
deceleration when it stagnates in the core region. For mild
nonlinear amplitudes, estimates like the Haan-saturation ap-
proximation may be performed. The resulting growth factors
can be applied to known initial spectra of perturbations and,
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as long as the amplitude of each mode remains fundamentally
linear, the final net amplitude can be determined as the linear
sum of the individual modes after growth. To estimate the ef-
fect these final perturbations have on gain, either analytic[6]
or simulation[7] approximations must be provided. Unfortu-
nately, the final perturbations are typically not at the linear
amplitude level assumed in the models. We chose instead to
attempt to model the entire implosion from beginning to end.

Simulation of the full implosion from beginning to end
is computationally difficult, particularly for direct-drive ICF.
Compared to indirect-drive ICF[8], direct drive has unique
perturbation sources (e.g., imprint from the optical smooth-
ing of the laser drive) and less ablative stabilization of the
Rayleigh-Taylor growth rate. For both reasons, the growth
factors for perturbations in directly-driven implosions peak
at relatively short perturbation wavelength (Legendre mode
numbers in the region of 100-200, corresponding to pertur-
bation wavelengths of order 100 pm). Thus one challenge
is that high resolution simulations must be performed. In
the two-dimensional (2D) simulations shown here, 300-500
points are used in the radial direction, and 2048 in the angular
direction. For a full pellet, the representable modes are thus
¢ =1 — 1024, but because of unavoidable numerical diffusion
we consider only the range ¢ = 1 — 256 to be adequately re-
solved. Another challenge is the low levels of initial pertur-
bations compared to the final level. For instance, optically
smoothed light using many overlapped beams and large (~ 1
THz) bandwidth produces perturbations on the pellet that are
equivalent to a few Angstroms of amplitude per mode. This
scale size is much smaller than even the final imploded pel-
let scales. The code uses sliding-zone Eulerian gridding to
keep small grid spacing in the regions of small perturbations;
however, even this technique cannot fully resolve all of this
structure. For the presentations here, we resort instead to a
renormalization technique described in the next section. We
are also developing numerical algorithms which are able to ac-
curately simulate the extremely small perturbations involved



in this problem.

II. THE SIMULATION PROCESS

For the purposes of analysis, the laser ICF problem is sepa-
rated here into the compression and acceleration phases. Sep-
arate analysis of the subsequent stagnation and burn phases
will be left to a future paper. Although the pellet is hydro-
dynamically unstable during both compression and accelera-
tion, the quantitative and qualitative details of these phases
are different. The compression phase is characterized by the
mildly growing and oscillating Richtmyer-Meshkov instabil-
ity, while the acceleration phase is dominated by the exponen-
tially growing Rayleigh-Taylor instability.

A. Compression phase: Richtmyer-Meshkov

In the compression phase, a shock is launched on the out-
side of the ablator by a relatively low-intensity portion of the
laser pulse. The purpose of this shock is to compress the
ablator and fuel in the pellet and heat it to the point that it
can withstand the drive portion of the pulse without apprecia-
ble increase in its adiabat. This phase ends when this shock
breaks out of the rear of the pellet shell. Any perturbations or
contact-discontinuities it encounters before then are suscepti-
ble to the Richtmyer-Meshkov (RM) instability. In addition,
the optically-smoothed laser introduces a constant source of
pressure fluctuations to the compressing shock. The result-
ing ablatively-driven RM instability is characterized by first
growing and then oscillating and damped perturbations.
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FIG. 1: Areal mass perturbation spectrum in the simulation as a func-
tion of Legendre ¢ mode is shown at t=0 (dark gray) and near the
end of the compression phase (black). The light gray curve shows
the predicted maximum value based upon analytic benchmarks and
larger amplitude single-mode simulation.

We have used the recently developed ablatively-stabilized
RM theory[2] to benchmark single-mode simulations of sim-
ple (all-Deuterium-Tritium (DT)) pellets[9]. These simu-
lations follow either surface perturbations or imprint from

optically smoothed lasers (e.g., induced-spatial-incoherence
(ISD[10] or smoothing by spectral dispersion (SSD)[11]
methods). The amplitude of the perturbation is made large
enough to resolve (e.g., 1000A) but small enough to stay in
the linear regime. (The linear theory expansion parameter,
ka,, where k is the perturbation wavelength and a, is the per-
turbation amplitude, is of order 0.1 to 1.0% in these single-
mode studies.) For the benchmarks of optical smoothing, five
simulations at each perturbation wavelength were performed
using well defined single-beam laser perturbations[12]) and
averaged in order to reduce statistical fluctuations in the re-
sults. These single-mode benchmarks have been compared
to the linear ablatively-stabilized RM theory and have been
shown to produce very similar growth factors and oscilla-
tion behavior[9], and also exhibit linear behavior when the
initial amplitudes are varied. These single-mode simulations
were cross checked with small multimode simulations con-
taining eight resolved modes of the same approximate ampli-
tude (~ 5004), and the time behavior of each individual mode
was verified to be very close to that of the single-mode sim-
ulation of the corresponding wavelength. However, when the
mode amplitudes become much smaller than the grid spacing,
and the number of resolved modes is much larger, the fidelity
of the simulations deteriorates (as we see in the next section).

The single-mode simulation results are used to construct a
prediction for the areal-mass perturbations expected at the end
of the compression phase. The maximum areal-mass pertur-
bation level during compression is recorded, and interpreted
as either a growth factor (for surface perturbations) or equiv-
alent surface perturbation (for the laser imprint). The max-
imum value (as opposed to, say, the instantaneous value at
the end of compression) is used to give a conservative (as op-
posed to optimistic) prediction. The resulting growth-factor
or imprint-efficiency is used to predict the areal-mass pertur-
bations at the end of the compression phase given a surface
perturbation spectrum and optically-smoothed laser spectrum
(determined by its bandwidth, focal spot size, laser f-number,
etc.[12]).

The next step is to compare a high-resolution multi-mode
simulation of the pellet during the compression phase to the
maximum levels predicted by the growth-factors and imprint
efficiency results of the single-mode runs. An example is a
simulation of the all-DT NIF pellet point design [9, 13] where
the outer surface is initialized with the National Ignition Facil-
ity (NIF)-standard specification spectrum[14] and the driving
0.35 pum laser is optically smoothed with 1 THz bandwidth. In
these simulations, modes 1-256 are considered well resolved
(there are 2048 points in the theta direction, and 16 points
are believed to be needed to resolve a mode properly with-
out numerical diffusion). The difference between this and the
earlier benchmarks is both the larger range of modes consid-
ered, and the much smaller amplitude of individual modes (as
small as 1A). Fig. 1 shows the spectrum of areal mass pertur-
bations at t=0 and at the time of shock breakout at 5.5 nsec
in the simulation. We can compare this to the expected level,
found as the rms sum of the initial surface amplitude (multi-
plied by the growth factor) and the equivalent laser imprint.
This shows that these highly resolved multimode calculations



significantly overestimate the areal mass perturbations at the
end of compression. This is overestimation, not new physics,
because these results are inconsistent with both linear RM the-
ory and the carefully benchmarked single-mode simulations.

There are a variety of reasons for this. First, the perturba-
tion levels per mode (as small as 1-10 A) are much smaller
than both the larger amplitude single-mode simulations and
the typical grid size (1000A) used to resolve the perturbations.
Secondly, the initial conditions involve a 2D density discon-
tinuity that is not aligned to the orthogonal mesh; this nec-
essarily contains higher harmonics of the modes that are be-
ing represented[15]. These harmonics can generate nonphys-
ical perturbations (through the nonlinear hydrodynamic algo-
rithms) that interfere with and artificially inflate the initially
driven (and extremely small) fluctuations at those harmonics.
We are currently modifying the algorithms in the code to ac-
curately calculate these extremely small signals (see section
IV), but those methods are not yet available to the multimode
simulation code.

The approach taken here to bypass the problem of artifi-
cially high perturbation levels at the end of compression is to
filter the offending fluctuation levels. This filtering is done
(once at the end of compression) on all the fundamental sim-
ulation variables with a filter that is a function of the Leg-
endre ¢ mode only. At every radial point that has been over-
taken by the first shock (this does not include the inner surface
perturbations), the plasma variables (density, velocities, and
energy density) are decomposed into their spectral compo-
nents in Legendre space, multiplied by the filter function, and
then reconstructed. This filter function is constructed from
the ratio of the expected areal mass perturbation amplitude to
the simulation areal mass amplitude at each Legendre mode:
F(€) =dpR(€) . pecrea! APR(E) giarion- This ensures that the
important acceleration phase begins with roughly the expected
amplitudes between the perturbations in mass density, veloc-
ity, and energy density. However, since some portion of the
perturbation may be noise-driven, the radial structure of the
perturbation may be different than it should be. Samples of
the radial structure of the individual modes does not reveal
obvious qualitative differences with the single-mode results.
Also, other tests have not shown differences in Rayleigh-
Taylor growth rates during the subsequent acceleration phase.
We believe that this procedure provides a reasonable starting
point for the next phase of the implosion, the exponentially
unstable acceleration phase.

B. Acceleration phase: Rayleigh-Taylor

The acceleration phase starts when the rarefaction wave
from the rear surface of the pellet reaches the front surface
of the pellet, and the front surface begins to accelerate. Dur-
ing this phase, perturbations on the outer edge of the pellet
are expected to grow exponentially. Rayleigh-Taylor (RT)
theory[16] states that any perturbation is composed of both
growing and decaying eigenmodes; the amplitude of the grow-
ing eigenmodes (localized to the region near the ablation sur-
face) quickly eclipse the decaying modes and dominate the

resulting instability behavior. Unlike the classical RT instabil-
ity, laser-driven RT is ablatively stabilized if the perturbation
wavenumber of the perturbation is large (typically £ 2 100).
This is a simplification of the actual case where dynamic ef-
fects such as the intensity (drive pressure) increase and equi-
libration waves/shocks also influence the behavior, but the es-
sential physics is the same.

Benchmarks have been done to compare the growth of per-
turbations in the multimode simulations to that expected by
the dispersion relations given by common ablatively stabi-
lized RT models[16—-18]. For instance, when the previous
all-DT NIF pellet simulation is allowed to progress into the
acceleration phase, we can compare mode-by-mode the de-
velopment of the areal mass perturbation with the RT disper-
sion relations (Fig.2). In the example shown here, we use
the modified Bodner-Takabe (MBT) dispersion relation[4, 18]

kg/(1 —kLp) —kBV,,, (with B = 3) and integrate it
in time using the (time dependent) ablation velocity, accelera-
tion, and ablation density scale-length given by the equivalent
one-dimensional simulation of the pellet implosion. Nonlin-
ear growth (a,/A > 0.1) is approximated as secular growth
according to the Haan prescription[19]; convergence effects
are handled by a simplified incompressible Bell-Plesset model
which includes amplitude growth ~ R~2. The growth of the
modes in the simulation is quite similar to that expected, at
least until nonlinearity becomes important (about 8.5 nsec).
These comparisons indicate that the FAST code is accurately
simulating the rapid growth of the Rayleigh-Taylor instability
during acceleration. This increases our confidence in the abil-
ity of the code to correctly predict the assembly of the core
undergoing ignition and burn.
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FIG. 2: Areal mass perturbation spectrum in the simulation as a func-
tion of Legendre £ mode is shown at different times through the ac-
celeration phase of the simulation. The gray lines show the predic-
tions from the RT dispersion relation (starting with the simulation
perturbation spectrum at the end of the compression phase), while
the black lines denote the simulation results.



III. SIMULATION RESULTS
A. All-DT NIF point design

We began the comparisons by showing the all-DT NIF pel-
let and the development of its individual modes during the
compression and acceleration phase. It is instructive then
to examine the results of this simulation when it runs fully
through ignition and burn. Fig.3 a shows the results of this
pellet when only outer surface perturbations and 1THz of
optically smoothed light are considered; the images of the
mass density for two different times near ignition show a
fairly round shell with perturbation structures that are mostly
confined to the outer 50% of the pellet. In this case, the
code predicts a gain of about 24, which is about 70% of the
“clean 1D” prediction. If we add a nominal 1 um RMS of
inner surface nonuniformity, the gain drops to 17, or about
50% of clean 1D (Fig.3 b). Further adding a constant-in-
time low-mode asymmetry to account for beam misalignment
and power imbalance[20], the simulation shows a significant
residual P, asymmetry (Fig.3 ¢) which results in appreciably
smaller gain (5).

B. High-Gain KrF driven designs

We have also designed a target to be driven by a 2.5 MJ
KrF laser to high gain (defined as greater than 100, in this
case ~ 150). This target takes advantage of the high coupling
efficiency provided by the very absorptive 0.25 um laser light
and the ability to zoom (shrink the laser spot size) at two dif-
ferent times during the implosion. (The laser spot is shrunk
to match the critical surface diameter at the zoom times). The
zooming contributes to the high coupling efficiency since it
minimizes refractive losses of the laser light during the main
drive portion of the pulse and keeps the absorbed laser en-
ergy close to the ablation surface. Also, because the pellet
surface is shrinking along with the laser spot size, the total
laser power can be decreased at the same time without a con-
comitant decrease in drive pressure. The design specifications
are shown in Fig.4. The pellet is driven with a shaped laser
pulse that optionally has a spike prepulse at the very start.
This spike prepulse is configured to decrease the pellet’s sen-
sitivity to laser imprint and outer surface nonuniformity[21]
without significantly affecting the fuel adiabat in the implod-
ing pellet. Differently configured spikes can also be used to
preferentially heat the pellet ablator and increase the ablative
stabilization of the Rayleigh-Taylor instability by increasing
the ablation velocity[22, 23]. Analysis of 1D simulations of
this pellet show that the RT instability for this pellet with the
two different laser pulses is quite similar (Fig.5), although the
spike does produce minor stabilization increases at the largest
. The average adiabat as a function of time also shows rela-
tively little difference. Thus, we expect that the major effect
of the spike in the pulse is to decrease the RM growth of sur-
face perturbations and leave a smaller seed perturbation for
the later RT growth to amplify.

The two dimensional stability and gain of this pellet is
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FIG. 3: Three series of simulation density images at roughly the same
late times showing the effects of increasing perturbation contribu-
tions on the all-DT NIF point design pellet. (a) Outer surface per-
turbation (0g,,¢ = 0.1251m) and 1 THz optically-smoothed light;
(b) adding 1.0pum RMS Inner surface perturbation; (c) additionally
adding 2% low-mode asymmetry to the laser drive. The gain drops
from the 1D value of 35 to (a) 24; (b) 17; (c) 5.

simulated by the compression/ renormalization/ acceleration
method presented earlier. Again, the growth factor and im-
print efficiencies are calculated during compression for the
two different laser pulses with well-resolved single-mode sim-
ulations. As shown in Fig.6, these show that the spike prepulse
decreases the surface perturbation growth by a factor of ten
for some wavenumbers. In contrast, the net laser imprint af-
ter compression is not reduced by the spike, probably because
of the short-averaging time of the optically-smoothed spike,
but the perturbations at the end of compression are dominated
by surface perturbations. Combining this with the similar RT
growth factors, we expect the spike stabilized pellet to per-
form better.

Indeed, the improvement in the compression phase stabi-
lization significantly affects the projected performance of the
pellet. We again apply the NIF-standard outer surface finish
spectrum to the pellet and drive it with a KrF laser smoothed
by 1 THz of ISI. The resulting simulations show that without
the spike prepulse, the perturbations produced by the end of
compression grow large enough to prevent the pellet from sig-
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FIG. 4: Design specifications for (a) the KrF-driven high-gain pellet,
and (b) constant-foot (black) and spike prepulse (gray) laser drive.
At the points marked “zoom” in (b), both the laser spot size and its
total power is decreased. The spot size at these times (in both cases)
is shrunk by the ratios 0.8 and 0.54 compared to the initial spot size
(which is equal to the initial pellet diameter, 0.475 cm).
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FIG. 5: Projected growth factors during for the acceleration phase
(RT) of the high gain pellet, for the constant-foot (black) and spike
prepulse (gray). Also shown are the adiabat of the pellet, averaged
over the region between 1/e and 1 times the maximum fuel density.

nificantly igniting, and the gain is less than unity (Fig.7(a)). In
contrast, with a spike prepulse and despite the addition of 1um
rms perturbations on the DT-ice inner surface layer, the per-
turbations are confined to a relatively small area on the outside
of the pellet throughout the implosion (with the noticeable ex-
ception of a small bubble on the pellet’s axis that penetrates
through to the interior)(Fig.7(b)). The final yield in this latter
case decreases less than 10% from its clean 1D value ( 160).

Although the spike prepulse clearly reduces the RT seeds,
the differences in the instability growth in the pellets with and
without the spike are larger than expected due to just the lower
seeding. If we look at a time in both pellets that is close to the
maximum acceleration, and compare the perturbation spec-
trum to that which we would expect (given the simple MBT-
RT dispersion relation noted earlier), we find an apparent dis-
crepancy (Fig.8). In particular, the growth in the pellet with
no spike is significantly greater than the level expected (up
to an order of magnitude greater). It is unknown at this time
whether this is simply due to the simplifications involved in
the RT formula, or is a reflection of the limits of either the cur-
rent analysis or this more complex layered target (compared
to all-DT). For instance, we can sometimes expect a smaller
than expected perturbation due to the finite time it can take
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FIG. 6: Projected amplitude after the compression phase (RM) of the
high gain pellet, assuming a NIF standard initial surface spectra and
1THz of optically smoothed light. Shown are the contributions from
the surface perturbations and laser imprint for (a) the constant-foot
pulse (no spike); and (b) the pulse with spike. The total perturbations
at the end of compression for both cases are compared in (c).

for an RT eigenmode to become established[9]. The study of
these simulations are ongoing.

IV. FUTURE IMPROVEMENTS

One of the largest uncertainties in this study is the effect
of the renormalization on the results presented here. It would
be greatly desirable to rid ourselves of this approximation en-
tirely. This section summarizes our work in this area, with
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FIG. 7: Simulation results showing density images at three times
towards the end of the implosion for the (a) no spike prepulse and (b)
spike prepulse designs.

details to be presented in another publication[24].

It was previously noted that one of the sources of nu-
merical noise for very low amplitude perturbations was the
early development of mode-coupling and hence nonlinear-
ity. Unfortunately, nonlinearity, and more important non-
differentiability is inherent in modern higher-order (2nd or
more) monotone shock-capturing algorithms such as the flux-
corrected-transport (FCT) algorithms used in the FAST code.
We are developing numerical methods that preserve the dif-
ferentiability and linearity of small perturbations in the sim-
ulation codes, and allow accurate multimode simulation of
tiny perturbations. By necessity, any physical linear algorithm
must be first order in time and space[25]. The method must
also clearly be able to handle shocks as well, however. Thus
the desirable algorithm must be linear and differentiable in
the regions of flow outside of discontinuities (like shocks),
yet be able to be nonlinear where the flow is nonlinear. As an
example, the results of a first-order Godunov method (in ra-
dius) combined with a two-step Lax-Wendroff algorithm (in
the direction orthogonal to the shock propagation) are pre-
sented in Fig.9. This is from an ablative-RM simulation of
a single 24um wavelength perturbation on the edge of a DT-
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FIG. 8: The spectrum of perturbations from the simulation in both
(a) no spike prepulse and (b) spike prepulse designs is compared to
the values predicted using the MBT RT dispersion formula and the
actual seeds at the start of the acceleration phase. The gray lines
show the predictions from the RT dispersion relation (starting with
the simulation perturbation spectrum at the end of the compression
phase), while the black lines denote the simulation results.

ice shell. It has an initial amplitude of 5 x 10~%¢cm and is
driven by a constant intensity pulse. Also shown in the figure
is the “noise” in the perturbation, defined as the rms sum of
all perturbation fluctuations at wavelengths different from the
seeded mode. The signal-to-noise ratio remains greater than
4 orders of magnitude throughout the simulation. The simu-
lation shown assumes an ideal equation of state and a single
fluid temperature. Algorithms similar to this, additionally ca-
pable of handling multiple materials, two fluid temperatures,
and general equations of state, are being integrated into the
FAST code, where we will use them to simulate the compres-
sion phase of the pellet.
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FIG. 9: The evolution of a single-mode 24 1m wavelength with initial
amplitude 5 x 10~%m as computed by a first-order Godunov scheme
in the radial direction (along the direction of propagation) combined
with a Lax-Wendroff scheme in the orthogonal direction. Also shown
is the evolution of the noise, which is defined as the rms sum of
all perturbations in the simulation that are not at the fundamental
wavelength (24um).



V. CONCLUSIONS

We have analyzed the implosion of direct drive pellets with
highly resolved multimode simulations. Careful benchmark-
ing of the code is needed to bypass problems involving nu-
merical noise. We analyze the compression and acceleration
phases of the implosion separately, and compare to analytic
theory and well resolved benchmarks. These comparisons re-
veal the need to renormalize the simulation at the end of the
compression phase. The resulting simulations show apprecia-
ble degradation of uniformity and gain in the all-DT NIF pel-
let design and a high-gain KrF laser driven design. However,
the addition of a spiked prepulse in the high-gain design sig-
nificantly reduces the final irregularities and distortions of the
imploded pellet. With nominal (NIF-spec.) inner and outer

surface finishes and imprint from optically smoothed light, the
stabilized high-gain pellet produces nearly full clean 1D pellet
gain of over 150. Low-mode asymmetries due to beam imbal-
ance or mispointing and 3-D simulations are still yet to be
done; however, these results indicate that energy production
from ICF targets directly driven by short-wavelength lasers
may be a viable possibility in the future.
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